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Introduction
In the long and dynamic interaction between hosts and pathogens, virulence proteins have played a key role in rendering the host organism useful for the replication of the pathogen. The evolution of molecular machineries designed to translocate bacterial proteins into host cells marked an important transition in this host-pathogen relationship, providing a means to directly introduce into eukaryotic cells, proteins that could precisely modulate the biology of the targeted tissues.
Bacterial type III secretion systems (T3SSs) are one of the poster-children in such translocation systems. Aptly considered 'molecular nanosyringes', they are composed of numerous proteins, spanning multiple membranes with supramolecular organelle sized structures, harboring a narrow channel through which the substrates travel in an energy (ATP) dependent manner [1, 2] . The T3SSs also have homology to systems used to translocate macromolecules in nonpathogenic contexts -the flagella export system and in symbiotic contexts [3, 4] .
Enormous progress has been made in the last two decades since these systems were first identified. However, there has been, until recently, very limited structural information, particularly at a resolution that could provide mechanistic details. In this review, we consider recent advances in the structure and function of T3SS, examining where structural biology has taken the field, and where it still needs to go to achieve the level of understanding required to effectively model these machineries.
The T3SS
Nearly one billion years ago, according to bioinformatic reconstructions, bacteria were in possession of genes highly homologous to the modern virulence associated T3SS [5] . The genes for this protein secretion system have found their way, through pathogenicity islands and large plasmids, to a wide variety of Gram-negative pathogens of animals and plants, and also function in phytosymbiotic relationships [1, 2, 4] . The known virulence substrates for these systems currently number in the several hundred, modulating host biochemical functions such as cytoskeletal structure, programmed cell death, cell cycle progression, endocytic trafficking, and gene expression [6] [7] [8] [9] [10] .
The secretion machinery itself is highly conserved, consisting of more than 20 proteins, many showing homology to flagellar export genes. A conceptual division can be made between the so-called basal body of the apparatus, which differs between the pathogenic and flagellar systems, and the core transmembrane proteins that have a much higher level of conservation [1] [2] [3] [4] 11] .
The basal body may be thought of as the 'syringe' body, the shell or tunnel that provides a solid structural framework for the secretion machinery to use for translocation, through which substrates travel (Figure 1 ). Remarkably, membrane preparations from Salmonella, Shigella, and E. coli show that the minimal, stable core of the basal body consists only of three proteins (plus a filamentous needle [1, [11] [12] [13] ). Since these three proteins assemble into a supramolecular structure spanning several hundred angstroms in width and height, it is clear that the individual proteins, none larger than 70 kDa, must form oligomers of high symmetry. Indeed, electron microscopy has revealed that the basal body possesses radial symmetry (ring-like) of a very high order (at least 12-fold, although different image-processing approaches in EM have led to different orders of radial symmetry [14,15 ,16 ] ).
The three proteins of the basal body are: an outer membrane spanning member of the secretin family (Salmonella InvG), and an inner membrane complex consisting of two proteins without known parallel (Salmonella PrgH and PrgK, Figure 1 ) [11] . The secretin has, in most cases, been associated with a 'piloting' protein that is required for it to assemble within the outer membrane, although this protein appears to be lost in standard membrane preparations of the basal body [11, [17] [18] [19] [20] .
Protruding from the outer membrane at the 'top' of the basal body is a long filamentous structure composed of a single protein ( Figure 1 ). This 'needle' is in some pathogens surrounded also by a polymerized sheath [21, 22] . The needle is anchored about halfway through the basal body in the inner ring structure, and forms part of the channel from bacterial cytoplasm to host cytosol [14, 15 ] . At the tip of the needle, is a complex of several proteins, also visualized by EM, which docks with a pore in the host cell formed of T3SS substrates ( Figure 1 ) [23] .
Believed to assemble underneath the basal body within the inner membrane, are a set of proteins that are the most highly conserved in all of T3SS, strongly so even between the pathogenic and flagellar systems. These proteins include an ATPase, and a set of more than five integral membrane proteins that are absolutely critical to the functioning of the system [1, 11, [24] [25] [26] [27] [28] [29] . Outside of a few soluble domains of two of these proteins, structure-function information is extremely scarce [30] . For the integral membrane domains, there is very little biochemical information, and no structural information at all.
Recent advances in electron microscopy
More than a decade ago, structural work of the T3SS was launched by the first visual recognition of the Salmonella needle complex, the core structure of the T3SS, using conventional electron microscopy [12] . Since then, threedimensional electron microscopy of fully hydrated Salmonella [14] and negatively stained Shigella [16 ,31] needle complexes and subsequent single particle analysis provided a detailed view about the overall architecture of this core structure from various species. In both systems, the membrane embedded base is organized in a series of inner and outer rings, documenting on the one hand the close evolutionary relationship of this supramolecular system and on the other hand determining their role as 48 Host-microbe interaction: bacteria Figure 1 An organic nanosyringe. A schematic representation of the protein type III secretion system (T3SS) of Salmonella focusing on the basal body of the nanomachine. The inner and outer membranes of the bacterium are shown along with the peptidoglycan layer. The three proteins of the basal body (PrgH, PrgK, and InvG from the Salmonella SPI-1 pathogenicity island) are labeled, and drawn to roughly correspond the EM reconstructions and biochemical experiments localizing the polypeptides. The needle filament (PrgI) is also depicted, as are the tip protein (SipD) and the translocon pore (SipB/SipC) in the eukaryotic plasma membrane. Approximate dimensions for the apparatus are also shown.
a scaffold for a safe translocation of bacterial effectors through a number of hostile environments into a host cell.
The recent (scanning) transmission electron microscopy of negatively stained complexes from Shigella provided additional detail on the composition of the apparatus [16 ] . It was seen, for example, that the outer membrane ring (secretin portion) is resolved into three separate rings. The two near the outer membrane are highly reminiscent of images obtained by EM of other outer membrane secretin proteins, such as PulD [16 ,32] . The most periplasmic ring is linked to the inner membrane rings through what has been termed the 'connector' ring (a thick structure with a height slightly larger than the outer membrane subrings). Underneath the connector ring, is the much larger (in diameter) inner membrane ring (Figures 1 and 2A) . This ring may be connected to the socket/cup through what appear to be a series of 'spokes' ( Figure 2B) . Finally, the inner membrane ring is connected through its lower side (cytoplasmic proximal) through two thin linkers to the 'legs' of the basal body (which form a final, smaller ring at the very base of the apparatus).
The investigation of assembly states of the Salmonella needle complex [14] revealed remarkable results both compositionally and conformationally: the central part of the base is a chamber, closed by a septum at its apical and by a plate at its basal side. The 'socket' a newly discovered substructure reaches into the chamber, whereas the 'cup' is oriented toward the cytoplasmic space. The 'socket' creates a docking platform of the 'inner rod' -another newly identified substructure -which is only present in needle complexes and connects to the extracellularly located needle filament. Surprisingly, comparing the base and the needle complex as two subsequent assembly states uncovered that this supramolecular complex must undergo large conformational changes during the assembly process. This is highlighted at various positions throughout the complex. Such changes are observed for example by an increase of the base diameter especially around the neck region, but are also evident at the cytoplasmically oriented IR2 ring, which together with the 'cup' redefines this area. Moreover, the socket moves outwards and subsequently allows the docking of the inner rod structure to finally establish a 'secretion tunnel' that connects from the inner membrane to the needle filament.
Whether these conformational changes are a series of subsequent movements or whether they occur as a single concerted step is an open question; they establish however that the underlying protein building blocks must have the capability to maintain a stable, yet dynamic complex. The potential functional implication may be dramatic: the structural changes observed correlate with the reprogramming phase of the complex, during which the complex changes its substrate specificity from secreting the inner rod and needle filament proteins to the ones secreted at a later stage (translocon and effector proteins) [15 ,33] .
Recent advances in X-ray crystallography
Along with new EM data on the T3SS, there has been interesting and important progress at higher resolution with X-ray crystallographic studies of components of the system. The Strynadka group published a series of structures of soluble subdomains of the three key proteins in the basal body [34, 35 ] . Beginning in 2005 with the smaller, lipidated inner membrane component from E. coli, they published the crystal structure of EscJ [34] . This subdomain is packed as a tetramer in the asymmetric unit of the crystals. Intriguingly, studying the sixfold symmetry axis in the crystals, they noticed that this tetramer formed a superhelix, that when constrained in two-dimensions, formed a 24-fold symmetric ring with dimensions very similar to the inner membrane ring from EM [11, 34] .
More recent work revealed a surprising set of conserved domains in the crystal structures of soluble, periplasmic subdomains of the T2SS secretin GspD [36] , the T3SS secretin EscC (the E. coli outer-membrane secretin), and the T3SS protein PrgH (the larger of the two inner membrane proteins, this one from Salmonella) [35 ] . Figure 3 summarizes the conserved domain relationships.
The overall structures of these domains superficially appear somewhat similar: each has a three-stranded bsheet core with two anti-parallel and interacting helices on one face of the sheet that run parallel to the strands. In fact, the overall folds can be roughly superimposed. However, the folds are distinct in their topology (Figure 3) . One domain is a babba fold (strand-helixstrand-strand-helix), whereas the other domain is an abbab fold (helix-strand-strand-helix-strand). This distinction is important in classifying the domains that reoccur as building blocks of the basal body.
For example, EscJ possesses each of these two domains: a babba fold (henceforth D1) is followed by an abbab fold (henceforth D2). Despite a complete lack of detectable sequence similarity, the other inner membrane protein, PrgH from Salmonella, was recently shown to possess two domains homologous to the D2 subdomain of EscJ. Completing the surprise, the recent crystal structure of the outer membrane secretins EscC and GspD show that they each possess a subdomain homologous to D1. These crystal structures reveal a completely unexpected relationship between the three individual proteins of the basal body (and indicate a high degree of conservation in the secretin family of outer membrane channels). Essentially, it appears that a large portion of the T3SS is composed of a highly similar set of primary building blocks.
The potential implications, however, may be even broader. As described, EscJ was modeled to form a 24-fold symmetric ring structure in the inner membrane. The domain homology between PrgH and EscJ (the two inner membrane proteins), as well as the relative orientation between the two domains, suggested that, like EscJ, PrgH could oligomerize into a highly symmetric ring structure [35 ] . Furthermore, as the secretin family is known to generally form rings of 12-14-fold symmetry [16 ,32,37-39] , the presence of D1-like domains in EscC and GspD was suggestive of a ring-association. Therefore, the presence of the same fold in these ring-forming proteins, which in the case of EscJ had been shown to mediate a tetramer in the crystal structure that could be modeled as a ring structure, led to the hypothesis that 50 Host-microbe interaction: bacteria Figure 3 A structural building block for the T3SS. Shown are the related structural domains of GspD, EscJ, EscC, and PrgH divided into two classes based on protein fold (PDB accession codes 3EZJ, 1YJ7, 3GR5, and 3GR0, respectively). A topology diagram is shown on the far right for each class to further illustrate the connectivity differences that are present in these folds despite the very similar three-dimensional appearance of the three-stranded bsheet capped on one face by two interacting, anti-parallel helices. The location of these proteins in the basal body is roughly indicated on the left. these domains function generally, at least in T3SSs, as 'ring-forming' motifs [35 ] . Subsequent docking of the modeled rings into the EM maps led to several differing topological models [16 ,35 ] .
The D1 subdomain is homologous to the eukaryotic RNA and DNA binding KH-domain [36, 40] . It also shares structural similarity (but no sequence conservation) to bacterial and phage systems that function to bind peptidoglycan [41] . Therefore, in addition to a possible ringforming function, the D1 domains may function to anchor the rings in the peptidoglycan space between the inner and outer membranes. However, the widespread appearance of the fold likely implies that it is a common structural core to many proteins of unrelated function. Whether these subdomains that continue to reappear in the T2SS and T3SS are a generalized scaffold that has been co-opted for many purposes, or whether it mediates ring formation in other systems, is unclear. The fact that, to date, none of the fragments crystallized form rings by themselves in solution, has made it difficult to establish the ring-forming motif hypothesis directly.
Conclusions and future directions
The progress in the structure and function of the T3SS gives great confidence that this complicated virulence molecular machine is amenable to detailed mechanistic studies. Future work will undoubtedly be centered on deriving higher resolution electron microscopic reconstructions of the apparatus, and in particular establishing the symmetry throughout the various parts of the system to improve resolution. Such maps in conjunction with further progress in crystallography and molecular modeling will allow for unprecedented accuracy in the building of models for this secretion machine. The ultimate goal will be to construct high-resolution models of the T3SS that reveal the mechanism of its function as a molecular syringe.
